1. Introduction {#sec1-micromachines-10-00207}
===============

Metastasis is the spread of cancer cells from the primary site of origin to other sites of the body. When cancer cells metastasize, some cells known as circulating tumor cells (CTC), penetrate the endothelium and the basement membrane and pass through a tiny gap in the extracellular matrix \[[@B1-micromachines-10-00207],[@B2-micromachines-10-00207],[@B3-micromachines-10-00207]\]. It is therefore thought that having smaller stiffness is beneficial for cancer cells to instigate the metastatic process \[[@B4-micromachines-10-00207]\]. In support of this, only few studies show that cancer cells are stiffer, and a large majority of experiments indicate that cancerous cells are softer than their benign counterparts and that cellular rigidity decreases with the progression of the disease---as summarized in Aliber et al. \[[@B4-micromachines-10-00207]\]---although it remains unclear whether such cell softening is a universal feature \[[@B5-micromachines-10-00207]\].

Various tests were conducted to mechanically characterize living cells including cancer cells \[[@B6-micromachines-10-00207],[@B7-micromachines-10-00207],[@B8-micromachines-10-00207],[@B9-micromachines-10-00207],[@B10-micromachines-10-00207],[@B11-micromachines-10-00207],[@B12-micromachines-10-00207],[@B13-micromachines-10-00207],[@B14-micromachines-10-00207],[@B15-micromachines-10-00207]\]. Mechanical studies on cancer cells and related cancer biology are thoroughly reviewed in Darling et al. \[[@B16-micromachines-10-00207]\], Aliber et al. \[[@B4-micromachines-10-00207]\], and Chaudhuri et al. \[[@B17-micromachines-10-00207]\]. Using atomic force microscopy, Cross et al. \[[@B8-micromachines-10-00207]\] demonstrated that metastatic cancer cells taken from the pleural fluids of patients with suspected lung, breast, and pancreas cancer have stiffness as much as 70% smaller than the benign cells. Remmerbach et al. \[[@B11-micromachines-10-00207]\] measured the compliance of cells from cell lines and primary samples of healthy donors and cancer patients using a microfluidic optical stretcher. They found that cancer cells were on average 3.5 times more compliant than those of healthy donors. Swaminathan et al. \[[@B12-micromachines-10-00207]\] showed that cancer cells with the highest migratory and invasive potential are five times less stiff than cells with the lowest potential. Furthermore, they reported that invasiveness decreased when cell stiffness, by restoring expression of the metastasis suppressor TβRIII/betaglycan, increased. It was also reported that the more motile and metastatic cancer cells were, the softer they were, indicating that nanomechanical stiffness was inversely correlated with the migration potential of the cancer cell \[[@B13-micromachines-10-00207],[@B14-micromachines-10-00207]\]. These results suggest that the cell stiffness is a reliable quantitative indicator or a good biomarker of migration and the invasive potential of cancer cells. However, the conventional methods of mechanical tests such as atomic force microscopy, optical tweezers, and micropipette aspiration are time-consuming, labor-intensive, and often require difficult manipulation and mastery skills although they give relatively accurate data \[[@B18-micromachines-10-00207]\]. Additionally, each method has its own drawback. For instance, atomic force microscopy requires a cell adhering to a basement. Micropipette aspiration involves difficult manipulation and fine adjustment of pressure. In order to use the cell stiffness as a biomarker of the metastatic potential of cancer cells in clinical practice, more viable methods are demanded.

Microfluidic devices have high throughputs in selecting cancer cells and assessing their metastatic functions \[[@B19-micromachines-10-00207],[@B20-micromachines-10-00207],[@B21-micromachines-10-00207],[@B22-micromachines-10-00207],[@B23-micromachines-10-00207],[@B24-micromachines-10-00207]\]. For example, Hou et al. \[[@B22-micromachines-10-00207]\] and Khoo et al. \[[@B23-micromachines-10-00207]\] established a spiral microfluidic channel to separate CTCs from blood cells. Tse et al. \[[@B24-micromachines-10-00207]\] evaluated the mechanical properties of cells sampled from malignant pleural effusions using a crossed microfluidic channel, proposed by Gossett et al. \[[@B25-micromachines-10-00207]\]. These studies addressed a great potential of microfluidic techniques to handily characterize the mechanical properties of cancer cells in clinical practice.

Epigallocatechin gallate (EGCG) is a major component of green tea. Taniguchi et al. \[[@B26-micromachines-10-00207]\] reported that EGCG inhibited the spontaneous metastasis of B16-F10 cells and B16-BL6 cells to the lungs of mice. EGCG binds to various proteins and both DNA and RNA molecules \[[@B27-micromachines-10-00207]\], it also inhibits binding of ligands and tumor promoters to their receptors in the cell membrane, and the receptor signaling pathway of epidermal growth factor (EGF) \[[@B28-micromachines-10-00207]\]. EGCG also works as an immune check point inhibitor \[[@B29-micromachines-10-00207]\]. EGCG acts on the cell membrane of cancer cells, hardens the cell membrane \[[@B30-micromachines-10-00207]\], and suppresses cancer cell migration and invasion \[[@B31-micromachines-10-00207]\]. EGCG blocks induction of carcinogenic factors by hardening the cell membrane and inhibits metastasis of cancer cells \[[@B32-micromachines-10-00207]\]. Taking these facts together, it is considered that hardening of cancer cells with EGCG could be another way of inhibiting metastasis of cancer cells.

Better and more appropriate cancer therapies, including a choice of drugs (weak or strong) with minimal side effects, could be applied if the metastatic potentials of the circulating tumor cells were easier to evaluate in clinical practice. The aim of the present study is therefore to investigate the mechanical properties of cancer cells, in particular highlighting internal cytoskeletal structures and changes brought by EGCG treatment. A microflow channel of a simple design was used to evaluate cell stiffness. Here we used two cell types that are known to have different metastatic potential and investigated whether these cells can be differentiated from their viscoelastic properties. The same assessment process was also applied to untreated and EGCG-treated cells to see whether effectiveness of EGCG treatment can be detected using the same procedure as used in differentiating the metastatic potential.

2. Materials and Methods {#sec2-micromachines-10-00207}
========================

2.1. Cell Sample {#sec2dot1-micromachines-10-00207}
----------------

Mouse melanoma cell lines B16-F1 and B16-F10 were used. B16-F1 was obtained by a one-time selective procedure and B16-F10 by a ten-time selective procedure using Fidler's method \[[@B33-micromachines-10-00207]\], meaning that B16-F10 was a select group of cancer cells having greater invasive and metastatic capacity than B16-F1. The characteristics of the cells were reported in Fidler \[[@B33-micromachines-10-00207]\], Poste et al. \[[@B34-micromachines-10-00207]\], and Nakamura et al. \[[@B35-micromachines-10-00207]\]. The cells were cultured in DMEM (05919, Nissui, Tokyo, Japan) containing 10% fetal bovine serum (172012, Sigma-Aldrich, St. Louis, MO, USA) in a humidified atmosphere of 5% of CO~2~ at 37 °C.

Trypsin (25200-056, Gibco, Gaithersburg, MD, USA) was added to the cells that were semi-confluent to detach them from dishes. After the cells were washed with phosphate buffered saline (PBS(-)), cell samples with a concentration of 3--4 × 10^5^ cells/ml were prepared.

2.2. Microflow Channel {#sec2dot2-micromachines-10-00207}
----------------------

Lee et al. \[[@B36-micromachines-10-00207]\] and Lima's group \[[@B37-micromachines-10-00207],[@B38-micromachines-10-00207]\] used hyperbolic-shaped contraction for the ability to impose a constant strain rate along the centerline of the contraction, as well as to achieve high extensional and shear flows. Although the hyperbolic-shaped contraction was efficient for causing cell deformation, here we used a linearly tapered microflow channel, as shown in [Figure 1](#micromachines-10-00207-f001){ref-type="fig"}a. The geometry of the channel is similar to that in TruongVo et al. \[[@B39-micromachines-10-00207]\], who also used it to characterize breast cancer cells. The channel has four ports: (a) Inlet for cell flow, (b) and (c) inlets for sheath flow, and (d) outlet. In design, the main flow channel has a taper with an inlet width of 40 μm, an outlet width of 15 μm, and a length of 200 μm. The height of the main channel is 20 μm, providing a rectangular cross-section.

The flow channel was fabricated according to standard photolithography and soft lithography techniques. The negative photoresist pattern was fabricated on a silicon wafer (Matsuzaki, Tokyo, Japan) with SU8- 3050 (Nippon Kayaku, Tokyo, Japan). PDMS prepolymer (Sylgard 184 silicone elastomer kit, Toray Dow Corning, Tokyo, Japan) was poured onto the silicon wafer and baked at 80 °C for 1 h. Plasma treatment was used to chemically bond the PDMS mold to a glass slide with a thickness of 0.12--0.17 mm (C050701, Matsunami, Bellingham, WA, USA). The fabricated microfluidic device and the microscopic image of the tapered part are shown in [Figure 1](#micromachines-10-00207-f001){ref-type="fig"}b,c, respectively. In the final product, the width of the tip was 20 μm and the channel height was 32 μm.

2.3. Experimental Setup {#sec2dot3-micromachines-10-00207}
-----------------------

[Figure 2](#micromachines-10-00207-f002){ref-type="fig"} provides a schematic illustration of the experimental setup. The experimental setup mainly consists of an inverted microscope (IX-71, Olympus, Tokyo, Japan), a high-speed camera (FASTCAM Mini AX200, Photron, Tokyo, Japan), syringe pumps (KDS-210, KD Scientic, Holliston, MA, USA), and a flow channel. Cells were introduced to the flow channel by one of the syringe pumps. Along with cell flow, sheath flow was also introduced to direct cells to the center of the channel. The total flow rate of the cell flow and sheath flows was set to 66 μL/min that gave approximately 1.5 m/s at the tip of the tapered channel. The ratio of the flowrate between cell flow and sheath flow was 1:6. A cell shape at the tip of the taper and its downstream was recorded with a high-speed camera at a frame rate of 100,000 fps via an objective lens of 60x (N.A. 0.7, LUCPlanFLN 60x, Olympus). The cell height *h*(*t*)---defined as cell length in a direction perpendicular to the flow, exemplified in [Figure 3](#micromachines-10-00207-f003){ref-type="fig"}---was measured using image analysis software (ImageJ 1.48v, National Institutes of Health, Bethesda, MD, USA).

2.4. Mechanical Characterization of a Cell {#sec2dot4-micromachines-10-00207}
------------------------------------------

Cells leaving the tapered channel are released from compressive forces and gradually recover to their original shape. Here, the compression strain *ε*(*t*) of a cell at time *t* after leaving the tapered channel---was defined by the following formula:$$\varepsilon\left( t \right) = \frac{h_{\infty} - h\left( t \right)}{h_{\infty}}$$ where *h*(*t*) is the cell height at time *t*, and *h*~∞~ is the cell height in the last frame where the cell is sufficiently far from the tip of the tapered channel.

The recovery process of the cell diameter was expressed with a Kelvin--Voigt model that has a purely viscous damper with a viscosity of *μ* and a purely elastic spring with a spring constant *k* connected in parallel. When a cell leaves the tapered channel, it is released from the compressive force. Under this condition, the compressive strain of the cell, *ε*(*t*), is expressed with the following formula:$$\varepsilon\left( t \right) = \varepsilon_{0}\exp\left( {- \frac{t}{\tau}} \right)$$ where *τ* is a time constant of shape recovery and equal to *μ*/*k.*

2.5. EGCG Treatment {#sec2dot5-micromachines-10-00207}
-------------------

EGCG is the main polyphenolic constituent of green tea \[[@B26-micromachines-10-00207]\]. Reportedly, EGCG inhibits tumor promotion induced by teleocidin in a two-stage carcinogenesis experiment on mouse skin \[[@B40-micromachines-10-00207]\] and duodenal carcinogenesis with N-ethyl-N'-nitro-IV-nitrosoguanidine \[[@B41-micromachines-10-00207]\]. It is also reported that EGCG inhibits lung colonization of B16-F10 cells and spontaneous metastasis of B16-BL6 cells from the foot to the lung \[[@B26-micromachines-10-00207]\]. Clinical trials have demonstrated that green tea catechins including EGCG are effective for cancer prevention \[[@B42-micromachines-10-00207],[@B43-micromachines-10-00207],[@B44-micromachines-10-00207],[@B45-micromachines-10-00207]\]. Here, EGCG was used to stiffen cells by following a protocol described in Fujiki and Okuda \[[@B46-micromachines-10-00207]\]. An EGCG culture medium of 200 μM/L was prepared by diluting an EGCG/PBS(-) solution of 25 mM/L in DMEM. Cells were cultured with the EGCG culture medium for 4 h. After the culture, the cells were removed from dishes by treatment with trypsin, which was followed by centrifuge and removal of the medium. Finally, EGCG-treated cells were suspended in PBS(-) such that the cell concentration became 3--4 × 10^5^ cells/mL.

2.6. Staining {#sec2dot6-micromachines-10-00207}
-------------

The cell nucleus and actin filaments of B16-F1 and B16-F10 cells were stained. Staining was conducted for both cells that were attached to dishes and cells that were floating. The latter group was prepared by detaching the cells from the dishes with trypsin and leaving them for 30 min at room temperature until the cells become stably spherical. In the following staining processes, the floating cells were always centrifuged at a relative centrifugal force of 17.9 g for 5 min at washing and liquid exchange. First, cells were fixed with 10% neutral buffered formalin for 10 min at room temperature then washed with PBS(-). The cells were then permeated with 0.2% Triton X-100 in PBS(-) for 10 min then washed. This was followed by blocking with 4% albumin from bovine serum (Wako)/PBS(-) solution for 15 min then washing. For staining actin filaments, cells were treated with Alexa Fluor 488 phalloidin, diluted to 1:200 times with PBS(-) in a dark room for 30 min at room temperature. For staining the cell nucleus, cells were treated with Hoechst 33342 diluted to 1:10,000 with 0.2% BSA/PBS(-) solution in a dark room for 30 min at room temperature. Images were obtained using a confocal laser scanning microscope (FV3000, Olympus) with a 60x oil immersion objective lens (N.A. 1.35, UPLSAPO60XO, Olympus). A laser (OBIS, Coherent, Santa Clara, CA, USA) with an excitation wavelength of 488 nm and 405 nm was used to observe actin filaments and cell nuclei, respectively.

2.7. Statistical Method {#sec2dot7-micromachines-10-00207}
-----------------------

Student's unpaired *t*-test was used in all statistical analyses. A significance level of 0.05 was used.

3. Results {#sec3-micromachines-10-00207}
==========

[Figure 3](#micromachines-10-00207-f003){ref-type="fig"} shows a series of snapshots of a B16-F10 cell flowing downstream from the tip of the tapered channel. Note that the snapshots in [Figure 3](#micromachines-10-00207-f003){ref-type="fig"} were the ones obtained every two snapshots that were recorded. The cell size at rest was 15.4 ± 1.6 μm for B16-F1 cells and 15.4 ± 1.4 μm for B16-F10 cells, and no statistical difference was found in cell size between them. As seen, the cell that was compressed at the tip gradually recovered its shape to being spherical as it flowed further downstream. A temporal variation of the compressive strain of the cell, *ε*(*t*), is shown in [Figure 4](#micromachines-10-00207-f004){ref-type="fig"} where [Figure 4](#micromachines-10-00207-f004){ref-type="fig"}a--d is for untreated B16-F1 cells, untreated B16-F10 cells, EGCG-treated B16-F1 cells, and EGCG-treated B16-F10 cells, respectively. Note that the graphs in [Figure 4](#micromachines-10-00207-f004){ref-type="fig"} are a representative case of each cell and treatment condition. All the figures demonstrate an exponential decrease in *ε*(*t*) as a function of time. Fitting Equation (2) to the data in [Figure 4](#micromachines-10-00207-f004){ref-type="fig"} clearly indicates that a change in the compressive strain could be represented by the Kelvin--Voigt model.

[Figure 5](#micromachines-10-00207-f005){ref-type="fig"} compares the initial compression strain, *ε*~0~, when a cell was at the tip of the taper. The mean ± SD of *ε*~0~ was 0.15 ± 0.06 for untreated B16-F1 cells, 0.17 ± 0.09 for untreated B16-F10 cells, 0.15 ± 0.03 for EGCG-treated B16-F1 cells, and 0.18 ± 0.05 for EGCG-treated B16-F10 cells. No statistical difference was found in *ε*~0~ between any combinations.

A comparison of a time constant of the shape recovery *τ* is presented in [Figure 6](#micromachines-10-00207-f006){ref-type="fig"}. The mean ± SD of *τ* was 50 ± 15 μs for untreated B16-F1 cells, 70 ± 23 for untreated B16-F10 cells, 59 ± 22 μs for EGCG-treated B16-F1 cells, and 60 ± 12 μs for EGCG-treated B16-F10 cells. A statistical difference in *τ* was found in a pair of untreated B16-F1 cells vs. untreated B16-F10 cells (*p* \< 0.05) and untreated B16-F1 vs EGCG-treated B16-F1 cells (*p* \< 0.05), while no statistical difference was noted in a pair of untreated B16-F10 cells vs. EGCG-treated B16-F10 cells and EGCG-treated B16-F1 cells vs EGCG-treated B16-F10 cells.

[Figure 7](#micromachines-10-00207-f007){ref-type="fig"} provides fluorescent images of cellular nuclei and the actin filaments of cells. [Figure 7](#micromachines-10-00207-f007){ref-type="fig"}a,b show the cells that remained adhered to dishes, and [Figure 7](#micromachines-10-00207-f007){ref-type="fig"}c,d show the cells that were detached from the dishes. Cell lines were B16-F1 for a and c, and B16-F10 for b and d. The detached cells appeared to be spherical, while those adhering to dishes spread with extending processes. In looking at [Figure 7](#micromachines-10-00207-f007){ref-type="fig"}a,b, we found that when the cells adhere to dishes, B16-F1 cells had thicker actin filaments than B16-F10 cells, although both cell lines showed fibrous structure of actin filaments. To confirm this perceptual finding, thickness of actin filaments was evaluated with the standard deviation of a Gaussian function fitted to the intensity profile across stress fibers. This is because the spatial resolution of 0.083 μm/pixel in the present images is not fine enough to measure the thickness of actin filaments with a certain accuracy. The evaluation was conducted for three locations for each of the actin filaments arrowed in [Figure 7](#micromachines-10-00207-f007){ref-type="fig"}. The results demonstrated 2.15 ± 0.71 pixels for B16-F1 cells and 0.99 ± 0.14 pixels for B16-F10 cells (*p* \< 0.05), supporting the perceptual finding of a difference in the thickness. For the cells that were detached from the dishes, the fibrous structure disappeared and no remarkable difference in the structure and amount of actin filaments was noticed between B16-F1 cells and B16-F10 cells.

4. Discussion {#sec4-micromachines-10-00207}
=============

Microfluidic devices have been used in prior studies to find circulating tumor cells in blood. Recently, Tse et al. \[[@B24-micromachines-10-00207]\] invented a microfluidic device of a crossed flow channel at the junction where a cell was deformed by counter striking flows. They successfully classified cells based on cell deformability and took the initiative in diagnosing malignant pleural effusions by microfluidics. Raj et al. \[[@B47-micromachines-10-00207]\] fabricated a microfluidic device comprised of multiple parallel microconstrictions. They introduced a theoretical model of cell flow and deformation in the channels and succeeded in quantifying cell elasticity. The present study is situated in part as an extension of these studies. As demonstrated in [Figure 6](#micromachines-10-00207-f006){ref-type="fig"}, we found that a time constant of shape recovery could be a useful index to rate the metastatic potentials of cancer cells. Moreover, the time constant could be useful to assess drug-screening applications where biophysical changes occur in cells. The present microfluidic system is totally label-free, which would relieve clinicians from the tangled procedure of labeling and reduce their workload. The microfluidic system proposed here is simple, but its use is not limited to screening of metastatic cells, it has the potential to be used in many areas of medicine other than cancer diagnostics. Although some improvements such as quantification of cell viscoelasticity is necessary, extensive applications of the present system will enable rapid mechanophenotyping of various cells.

Since a tapered portion of the channel was sufficiently long compared to cell size, viscous deformation was assumed to have completed before a cell left the taper. In other words, in the current system, it was considered that the effect of cell viscosity on cell deformation or shape at the tip of the taper was considered to be small and the initial strain *ε*~0~ was determined mostly by cell elasticity. As shown in [Figure 5](#micromachines-10-00207-f005){ref-type="fig"}, the initial strain *ε*~0~ of B16-F1 cells was almost the same as that of B16-F10 cells, leading to an assumption that there was no difference in cell elasticity between B16-F1 cells and B16-F10 cells. Moreover, as shown in [Figure 6](#micromachines-10-00207-f006){ref-type="fig"}, B16-F10 cells had a significantly larger time constant *τ* than B16-F1. As time constant *τ* is a ratio of the viscosity to the elasticity of a cell, *μ*/*k*, the assumption that there was no difference in cell elasticity between B16-F1 cells and B16-F10 cells indicated that B10-F10 cells had larger cell viscosity than B10-F1 cells. In light of a biological viewpoint that more metastatic and invasive cells should be softer to pass through a narrow gap in extracellular matrix, larger cell viscosity could be unbeneficial for metastatic cells. The biological relevance of larger viscosity for more metastatic cells remains inconclusive and should be clarified in future research.

The width of the flow channel at the exit of the tapered channel was 20 μm. This width might not be small enough to cause large deformation to cells if we consider that the cell size was 15.4 μm in diameter on average. In fact, as shown in [Figure 5](#micromachines-10-00207-f005){ref-type="fig"}, we did not find a statistically significant difference in cell stiffness between B16-F1 and B16-F10 cells in the present experimental condition. Two possible reasons were considered. First, loaded cell deformation was not large enough to reflect a difference in cell stiffness. Second, B16-F1 and B16-F10 cells have a comparable level of stiffness in the floating state. Experiments with larger loading by using a device with smaller width will answer this question. At the same time however, narrowing the channel increases the risk of clogging with cells or other debris. Taking into account the practical applications of the proposed channel, clogging has to be avoided. As shown in the present study, a statistically significant difference in the time constant was noticed even with the current width. In this sense, though it was limited to the cell types examined here, the width of 20 μm was considered to be sufficient.

The sheath flow was established in the present flow channel. The sheath flow is necessary as the cell is much smaller than the taper tip and it is important to control cells at a particular position. In this sense, the sheath flow was redundant in the current experiment because the channel width of the taper tip was comparable with cell size.

Although cells flowed along the centerline of the flow channel at the tip, they may have had some rotational motions when they were released into a large pool beyond the taper tip. Due to deformation, cells would have not stayed in the centerline, although they moved downstream by inertia. As a consequence, fluid shear was exerted on cells such that they exhibited rotational motions. Once cells are out of the centerline, they experience a shear-induced lift force that drives them toward channel walls \[[@B48-micromachines-10-00207]\]. As deformed cells recover their shape, a time period of the rotation decreases \[[@B49-micromachines-10-00207]\], meaning that cells rotate more quickly. However, we did not observe significant cell rotation when looking at cell behaviors in the present experiment. This could be because the experiment's duration was not long enough to observe cell rotation. As shown in [Figure 3](#micromachines-10-00207-f003){ref-type="fig"} and [Figure 4](#micromachines-10-00207-f004){ref-type="fig"}, cell deformations were tracked for only 200 μs in the present experiment. During that period of time, the cell traveled approximately 30 μm, which is 1.5 times as large as a cell size. The cell rotation would have introduced fluctuating errors in cell height, thereby giving errors in the measurement of the time constant of shape recovery. In fact, the time variation of cell height shown in [Figure 4](#micromachines-10-00207-f004){ref-type="fig"}a showed fluctuating behaviors. Further experiments are needed to assess the effect of cell rotations on the time constant of shape recovery.

Actin filaments are concerned with the structural strength, shape stability, and deformation behaviors of cells \[[@B50-micromachines-10-00207],[@B51-micromachines-10-00207],[@B52-micromachines-10-00207],[@B53-micromachines-10-00207]\]. As seen in [Figure 7](#micromachines-10-00207-f007){ref-type="fig"}a,b, in adherent cells, B16-F1 cells appeared to have thicker actin fibers than B16-F10 cells. This observation was consistent with Sadano et al. \[[@B54-micromachines-10-00207]\], who found that actin fibers provide cells with mechanical integrity and structurally support the plasma membrane. In this sense, B16-F1 cells that were rich in actin fibers should be stiffer than B16-F10 cells. This speculation was congruent with Watanabe et al. \[[@B14-micromachines-10-00207]\], who demonstrated larger elasticity in B16-F1 than B16-F10 using atomic force microscopy. In contrast, the present results demonstrated no difference in cell elasticity between B16-F1 cells and B16-F10 cells. In fact, cell deformation might not be large enough to reflect a difference in elasticity in the present experimental condition. But, assuming that cells were sufficiently deformed, we attribute a discrepancy between Watanabe et al. \[[@B14-micromachines-10-00207]\] and the present result to a difference in cell state---cells analyzed in this study were detached from dishes and were suspended in PBS(-). In suspended cells, actins did not have firm fiber structures. The cell detachment from a dish caused depolymerization of filamentous actins (F-actin) into the monomeric globular form of actin (G-actin) as a part of cytoskeletal remodeling. In fact, filamentous structures were not found in floating B16-F1 cells ([Figure 7](#micromachines-10-00207-f007){ref-type="fig"}c) anymore, and no remarkable difference was noticed in the structure and amount of actin filaments between B16-F1 cells and B16-F10 cells. These observations indicated that the leveling in cell elasticity of B16-F1 cells and B16-F10 cells was due to the loss of F-actin by cell detachment. Depolymerization of F-actin would have resulted in an increase in the amount of G-actin. Dispersion of G-actin, or a solid particulate phase in a liquid phase of cytoplasm might have resulted in changing the rheological properties of cytoplasm. As shown in [Figure 6](#micromachines-10-00207-f006){ref-type="fig"}, the viscosity of B16-F10 cells was larger than that of B16-F1 cells. This would imply that an increase in G-actin provides cytoplasm with its pseudoplastic nature, by which apparent viscosity decreased with increased stress. Future studies should warrant these speculations.

As shown in [Figure 5](#micromachines-10-00207-f005){ref-type="fig"} and [Figure 6](#micromachines-10-00207-f006){ref-type="fig"}, for B16-F1 cells, no changes in *ε*~0~ and shape recovery time constant *τ* were observed, regardless of the catechin treatment. In contrast, the shape recovery time constant *τ* of B16-F10 cells was significantly decreased by catechin treatment and was almost the same value as that of B16-F1 cells, indicating that the catechin treatment promoted fast shape recovery of the B16-F10 cells. On the other hand, [Figure 5](#micromachines-10-00207-f005){ref-type="fig"} showed no change in *ε*~0~ of B16-F10 cells between catechin-treated and untreated groups. Since a fluid force is continuously applied to the cells while passing through the tapered part of the flow channel, *ε*~0~ is hardly influenced by the cell viscosity and is thought to be solely determined by cell stiffness. If so, the decrease in the shape recovery time constant *τ* is thought to be due to the decrease in cell viscosity *μ* by catechin treatment. Although the mechanism of how catechin brings a change in the viscosity of cancer cells is unclear, these results suggest that it would be possible to evaluate drug efficacy, at least in highly metastatic cancer cells, using the shape recovery time constant *τ*.

Cells were potentially dead after they passed through microflow channels. A significant loss of cancer cell viability can occur at shear stress levels above 10 Pa \[[@B55-micromachines-10-00207]\]. In the present experimental condition, the maximum shear stress of a channel flow was roughly estimated to be 638 Pa under the assumption of the Poiseuille flow. In the study by Zhou et al. \[[@B55-micromachines-10-00207]\], cell viability was 83% for the maximum shear stress calculated to be 199 Pa. Their flow channels with smaller maximum shear stress levels reduced cell viability, although a direct application of their results to our study is difficult as their channel is different from the present flow channel in design. However just for cancer cell screening, cells were not necessarily viable after they passed through the flow channel. Cell viability must be cared if filtration, concentration or sorting of cells are included in the scope of application.

Microfluidic techniques and devices offer rapid high throughput in cell mechanophenotyping compared to conventional analytical techniques such as atomic force microscopy (AFM), microaspiration, and optical tweezers \[[@B23-micromachines-10-00207],[@B24-micromachines-10-00207],[@B56-micromachines-10-00207],[@B57-micromachines-10-00207],[@B58-micromachines-10-00207],[@B59-micromachines-10-00207]\]. In AFM, cell samples need to be indented one by one with care, although it allows researchers to map the mechanical properties of a single cell and provide information on cellular structures including cytoskeletal structure. One of the drawbacks of AFM is that it is applicable only to cells that adhere to the base or dish, and thus the use of AFM for floating cancer cells in circulation is not appropriate. Microaspiration and optical tweezers are more conventional approaches for the mechanical characterization of cells. These techniques provide both local and global mechanical properties of cells but are laborious and require partial technical skill. In our experience, it takes more than an hour to measure a few cells. Microfluidic techniques, including that used in the present study, reduce such laboratory workload. A comparison of microfluidic techniques with AFM, microaspiration, and optical tweezers for measuring red blood cell deformability is summarized in Bento et al. \[[@B18-micromachines-10-00207]\]. In microfluidic techniques, cells can be continuously scanned once cell flow is supplied. Combined with imaging analysis, cell mechanophenotyping can be automated. As the present system is not equipped with the automatic imaging analysis, cell deformability was assessed manually after the experiment. Yet, indices of the cell deformability such as the time constant were immediately obtained once a cell was identified in a series of recorded images---after some assessments of image quality. Future improvement of imaging analysis will achieve rapid mechanophenotyping of cancer cells.

Spring constant and viscosity coefficient cannot be determined independently with only the present experiment data. Tajikawa et al. \[[@B60-micromachines-10-00207]\] and Kohri et al. \[[@B61-micromachines-10-00207]\] studied red blood cells using a similar experimental setup, measured the Young's modulus of red blood cells by a uniaxial tensile test in a separate experiment and estimated the spring constant. This approach however, requires the cell type to be known in advance, and it cannot be applied to this study where it is desired to identify an unknown cell type and evaluate its metastatic potential. Recently, Raj et al. \[[@B62-micromachines-10-00207]\] developed a method to estimate the Young's modulus of the cell. A different approach to estimate the Young's modulus of floating cells is also given in TruongVo et al. \[[@B39-micromachines-10-00207]\], who used a flow channel similar to the present design. If the spring constant *k* can be determined from the Young's modulus of the cell using the method of Raj et al. \[[@B62-micromachines-10-00207]\] and TruongVo et al. \[[@B39-micromachines-10-00207]\], the viscosity coefficient *μ* can then be estimated from the shape recovery time constant *τ* and a more detailed analysis of the cell's mechanical properties can be made.

In the present experiment, the exposure time was 10 μs and the spatial resolution was 0.083 μm/pixel. Because of these conditions, some images were blurred and the boundary of cells was not clear. In the present analysis, cell shape was manually determined. This may have resulted in errors in measuring the cell height and in turn estimating the time constant of shape recovery. If a cell whose diameter at rest is 15.4 μm is imaged and its diameter is measured as 14.8 μm, the compressive strain for this case is approximately 0.039. If a cell diameter is measured two pixels larger, the diameter is quantified as 14.966 μm and the compressive strain is calculated as 0.028. This yields approximately 10% error in the compressive strain. Careful tuning of the exposure time and the use of better spatial resolution will improve the accuracy of the measurement such that an even tiny difference in the mechanical properties between cells is appreciated.

5. Conclusions {#sec5-micromachines-10-00207}
==============

The present study proposes a method to evaluate metastatic potential by evaluating the viscoelastic properties of cancer cells on a tapered microchannel. The shape recovery time constant *τ* became larger as cancer cells had higher metastatic potential. The results suggested that it would be possible to evaluate the metastatic potential of cancer cells using the shape recovery time constant *τ*. The method is simple, but its use is not limited to screening of metastatic cells. It can be extensively applied to various medical and biological areas other than cancer diagnostics, such as the assessment of drug efficacy. Although further improvements are necessary, the present method will help with rapid mechanophenotyping and screening of metastatic cancer cells in clinical practice.
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![(**a**) Schematic drawing of the microflow channel---a, inlet port for cell flow; b and c, inlet ports for sheath flow; and d, outlet. (**b**) A fabricated microfluidic device and (**c**) a magnified view of the tip of the microflow channel.](micromachines-10-00207-g001){#micromachines-10-00207-f001}

![Schematic illustration of the experimental setup. The microflow channel was placed under the microscope and cell deformation was recorded with a high-speed camera.](micromachines-10-00207-g002){#micromachines-10-00207-f002}

![A time series of snapshots of a cell showing how the cell was recovering its shape after it had left the tip of the tapered channel (**a**). The time interval between consecutive snapshots (**b**--**h**) is 20 μs. The scale bar in [Figure 3](#micromachines-10-00207-f003){ref-type="fig"}a applies to all images.](micromachines-10-00207-g003){#micromachines-10-00207-f003}

![Time variations of the compressive strain of the cell. (**a**) Untreated B16-F1, (**b**) untreated B16-F10, (**c**) epigallocatechin gallate (EGCG)-treated B16-F1, and (**d**) EGCG-treated B16-F10.](micromachines-10-00207-g004){#micromachines-10-00207-f004}

![A comparison of the initial compressive strain, *ε*~0~. *n*: Number of cells.](micromachines-10-00207-g005){#micromachines-10-00207-f005}

![A comparison of the time constant of shape recovery *τ. n*: Number of cells.](micromachines-10-00207-g006){#micromachines-10-00207-f006}

![Fluorescent images of actin filaments (green) and nuclei (blue). (**a**) Adhered B16-F1 cells, (**b**) adhered B16-F10 cells, (**c**) floating B16-F1 cells, and (**d**) floating B16-F10 cells. Arrows in (**a**,**b**) indicate actin filaments whose thickness was evaluated.](micromachines-10-00207-g007){#micromachines-10-00207-f007}
